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Palmer amaranth is the most troublesome weed in agronomic crops in United
States. Therefore, an integrated weed management approach is necessary to successfully
manage this weed. The use of residual pre-emergence (PRE) herbicide applied at planting
can delays the is one of the critical time of Palmer amaranth removal (CTPAR) giving
farmers more time to prepare the weed control tactics and to preventing an
unacceptable yield loss in soybean due to Palmer amaranth competition. Field
experiments were conducted in 2018 and 2019 in a grower’s field infested with GR
Palmer amaranth near Carleton, Nebraska, to determine the CTPAR in soybean affected
by residual pre-emergence (PRE) herbicides compared with the no PRE herbicide in
southcentral Nebraska. Results demonstrated that ). In absence of a PRE herbicide, the
CTPAR at 5% soybean yield loss occurred at V1 and V6 soybean growth stages, in 2018
and 2019, respectively. When flumioxazin was applied alone, the CTPAR was delayed
until V3 and V6 soybean growth stages compared with V2 and R1 soybean growth stages
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when the flumioxazin/metribuzin/pyroxasulfone premix was applied, in 2018 and 2019,
respectively.
Late-emerged Palmer amaranth plants and plants that survived POST applications
are usually ignored by weed management programs based on yield loss once they
normally do not cause an unacceptable yield loss. However, those plants can grow and
produce seed, thus, replenishing the soil seedbank and increasing the chances for
evolution of herbicide-resistant biotypes. Field experiments were conducted in a
grower’s field infested with GR Palmer amaranth near Carleton, NE, in 2018 and 2019 to
evaluate the effects of single or sequential late season applications of labeled POST
herbicides such as acifluorfen, dicamba, fomesafen/fluthiacet-methyl, glyphosate, and
lactofen on GR Palmer amaranth control, density, biomass, seed production, and
fecundity as well as grain yield of dicamba/glyphosate-resistant (DGR) soybean. Dicamba
applied at V4 soybean growth stage (SGS) or in sequential applications at V4 followed by
R1 or R3 SGS provided 86% to 97% control, reduced Palmer amaranth seed production in
the range of 557 to 2,911 seeds per female plant and secured the highest soybean yield
during both years of the study.
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CHAPTER 1: INTRODUCTION AND OBJECTIVES
Introduction
Soybean Production

Soybean is among the major agronomic crops grown in the United States. In
2019, planted area across the country was 31 million ha and, with an average
productivity of 3,070 kg ha─1, and total production reached 95.2 billion kg (USDA NASS
2020). Soybean production in Nebraska was about 6% of the planted hectares and 8% of
the total US production, which corresponds to 2.0 million hectares planted in 2019 with
the production of 7.7 billion kg and a productivity of approximately 3,850 kg ha─1 (USDA
NASS 2020). Soltani et al. (2017) estimated that the potential yield loss in soybean due to
weed competition can reach up to 52%; further, the same study estimated that the
potential yield loss in Nebraska due to weed competition at 36%. Therefore, weed
management is an important component of optimum soybean production. Before the
adoption of herbicide-resistant crop traits, mechanical practices, such as tillage and interrow cultivation, have been commonly used for in-season weed control, in addition to
herbicides in agronomic crops (Gianessi and Reigner 2007). Glyphosate-resistant (GR)
soybean and corn are commercially available since 1996 and 1997, respectively, in the
United States. This has led to repeated application of glyphosate, a broad-spectrum
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herbicide for weed control in GR corn-soybean production systems (Powles and Preston
2006).
Dicamba/glyphosate-resistant (DGR) soybean was first commercially available for
growers since 2017. In 2018, DGR soybean accounted for 50% of Nebraska soybean
production (Werle et al., 2018) which increased to almost 80% in 2019 or 1.5 million ha
planted (Jhala et al. 2019). Consequently, dicamba applied alone for broadleaf weed
control or in a mixture with glyphosate became a common practice for broad-spectrum
weed control in DGR soybean. However, due to issues related to number of incidents of
dicamba off-target movement to sensitive crops, this technology has been a subject of
controversy since 2017. On June 2020, registration of three dicamba products (FeXapan®,
Engenia®, and XtendiMax) were cancelled by the United States Court of the 9th Circuit
(Jhala et al. 2020a). However, in October 2020, United States Environmental Protection
Agency (USEPA) approved registration of three dicamba products [XtendiMax®,Engenia®,
and a premix of dicamba and S-metolachlor (Tavium®)] but new regulations were added
to minimize dicamba off-target movement, such as adding a volatility reduction agent
and up to 95 meters of downwind buffer as well as end of June cut-off date for postemergence application in DGR soybean (USEPA 2020).
Palmer amaranth (Amaranthus palmeri S. Watson)

A statewide survey conducted in Nebraska in 2015 reported waterhemp
[Amaranthus tuberculatus (Moq.) J. D. Sauer], horseweed (Erigeron canadensis L.), kochia
[Bassia scoparia (L.) A. J. Scott], velvetleaf (Abutilon theophrasti Medik.), common
lambsquarters (Chenopodium album L.), and Palmer amaranth (Amaranthus palmeri S.
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Watson) as the top six most problematic weeds (Sarangi and Jhala 2018); however, due
to the widespread occurrence of Palmer amaranth in the recent years, it is believed that
this species is now on the top three most problematic weeds.
Palmer amaranth is a broadleaf weed native of arid areas of southwest United
States, regardless its origins, this weed was able to adapt to conventional cropping
systems and quickly spread to most production areas in the country. It was first listed as a
problematic weed in 1989 in South Carolina in a survey conducted by the Southern Weed
Science Society (Webster and Coble 1997). In 2009, it was ranked as the most
problematic weed in cotton (Gossypium hirsutum L.) production fields in southern United
States (Webster and Nichols, 2012). By 2016, Palmer amaranth was ranked as the most
troublesome weed in agronomic crops in the United States (WSSA 2016). It is a summer
annual broadleaf weed with erect growth habit, can reach up to 2.0 m height, has 0.5 m
long inflorescence (Elmore 1990), and ability to produce up to 613,000 seeds per female
plant (Keeley et al. 1987). Palmer amaranth can emerge throughout the crop growing
season (Jha and Norsworthy 2009) and has vigorous growth rate (Jha et al. 2008). In
addition, Palmer amaranth is a dioecious species (male and female plants are separate),
which results in a wide genetic diversity due to pollen-mediated gene flow and rapid
spread of herbicide-resistant alleles (Jhala et al. 2020b; Oliveira et al. 2018). The repeated
use of the same herbicide or herbicides with the same site of action (SOA) resulted in the
evolution of Palmer amaranth biotypes resistant to number of herbicide SOA, including
GR populations. The first GR Palmer amaranth biotype in Nebraska was reported in 2015
in field located in the southcentral region, where glyphosate was used repeatedly over an
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extended period of time in GR corn-soybean rotations (Chahal et al. 2017); and as of
2020 it is widespread in several other Nebraska counties (Vieira et al. 2018).
Integrated Weed Management (IWM)

Despite the numerous techniques of weed control, herbicides still constitute the
key element of weed management, especially on reduced tillage systems. However,
herbicide molecules and their respective mode of action (MOA) are limited resources.
Therefore, the adoption of management practices that mitigate the evolution of
herbicide resistance is vital to preserve herbicides. To achieve this goal, it is necessary to
integrate the best weed control strategies, which are defined as integrated weed
management (IWM). The IWM approach is the combination of different techniques to
achieve the most effective and sustainable weed control strategies (Swanton & Weise
1991). Understanding the biology of the present weeds, planting into weed-free fields,
best cultural practices, using multiple sites-of-action herbicides with residual soil activity
are example of valuable practices for weed control (Norsworthy et al., 2012).
Critical Period of Weed Control and Critical Time of Weed Removal

An IWM program involves the use of critical period of weed control (CPWC),
which defines the optimal time in which weeds must be controlled to prevent
unacceptable yield loss (Knezevic et al. 2002). This tool is composed of two opposite
parameters, the critical time of weed removal (CTWR) and critical weed-free period
(Knezevic et al., 2002). The CTWR represents the widow between planting and the time
weeds need to be controlled before an unacceptable yield loss occurs and it can be
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influenced by several factors, such as crop and weed species, cropping systems
(Norsworthy & Oliveira, 2004), environmental conditions (Tursun et al. 2016), and use of
residual PRE herbicides (Barnes et al. 2019). PRE herbicide can delay the CTWR, thus
giving farmers and growers more time to plan and execute weed control techniques.
Late-Season Herbicide Applications

Weed control strategies that only rely on potential yield loss usually ignores the
presence of weed escapes from POST herbicide and late emerged weeds once expected
yields have been achieved (Bagavathiannan and Norsworthy 2012). Consequently, these
plants can greatly contribute to soil seed bank replenishment. Further, plants that
survived herbicide application might not reduce yields in the current season; however,
those weeds can rapidly spread of herbicide resistance alleles via pollen-mediated gene
flow (Jhala et al. 2020b; Oliveira et al. 2018). Therefore, weed management strategies
that aim to reduce seed production and soil seed bank replenishment should be
investigated as a method to minimize the weed pressure for the next growing season and
reduce the evolution of herbicide-resistant weed biotypes. Labeled late-season herbicide
application might be an option for decreasing weed seed production (Bennett and Shaw
2000; Taylor and Oliver 1997). Further, this practice has the potential not only to reduce
weed seed production but also alter seed germination (Brewer and Oliver 2007;
Steadman et al. 2006).
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Objectives
1. Evaluate the effects of residual herbicides on the critical time of palmer amaranth

(Amaranthus palmeri s. watson) removal in soybean in southcentral Nebraska
2. Evaluate the effects of late-season herbicide applications on seed production and

fecundity of glyphosate-resistant Palmer amaranth in soybean.
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CHAPTER 2:
RESIDUAL HERBICIDES AFFECT CRITICAL TIME OF PALMER
AMARANTH (AMARANTHUS PALMERI S. WATSON) REMOVAL IN
SOYBEAN IN SOUTHCENTRAL NEBRASKA
De Sanctis JH, Barnes ER, Knezevic SZ, Kumar V, Jhala AJ (2020) Residual
herbicides affect critical time of Palmer amaranth (Amaranthus palmeri) removal
in soybean in southcentral Nebraska. Agronomy Journal (Accepted)

Abstract
Glyphosate-resistant (GR) Palmer amaranth (Amaranthus palmeri S. Watson) is one of the
most difficult to control weeds in soybean production fields. Residual pre-emergence
(PRE) herbicide applied at planting is one of the recommendations for management of
herbicide-resistant Palmer amaranth; however, information is not available about the
effect of residual herbicides on critical time of Palmer amaranth removal (CTPAR) to
prevent an unacceptable yield loss in soybean. The objective of this study was to
determine the CTPAR in soybean affected by residual pre-emergence (PRE) herbicides
compared with the no PRE herbicide in southcentral Nebraska. Field experiments were
conducted in 2018 and 2019 in a grower’s field infested with GR Palmer amaranth near
Carleton, Nebraska. The treatments were arranged in a split-plot design with PRE
herbicides (flumioxazin, flumioxazin/metribuzin/pyroxasulfone, and a nontreated control)
as the main plot and Palmer amaranth removal timings as sub plot (a weed-free control,
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a nontreated control, and Palmer amaranth removal timing at V1, V3, V6, R2, and R5
soybean growth stages). In absence of a PRE herbicide, the CTPAR at 5% soybean yield
loss occurred at V1 and V6 soybean growth stages, equivalent to 194 and 480 Celsius
growing degrees days (GDDc) in 2018 and 2019, respectively. When flumioxazin was
applied alone, the CTPAR was delayed until V3 and V6 soybean growth stages, or 341 and
501 GDDc. When flumioxazin/metribuzin/pyroxasulfone premix was applied, the CTPAR
was delayed until V2 and R1 soybean growth stages, corresponding to 255 and 546 GDDc
in 2018 and 2019, respectively.
Abbreviations: CPWC, critical period of weed control; CPWR, critical period of weed

removal; CTPAR, critical time of Palmer amarant removal; DAE, days after emergence;
DAT, days after treatment; GR, glyphosate-resistant; DGR, dicamba/glyphosate-resistant;
IWM, integrated weed management; PRE, pre-emergence; GDDc, Celsius growing degree
days; ME, modeling efficiency; POST, post-emergence; RMSE, root mean square error.
Keywords: Growth stage; growing degree days; interference; residual herbicide; yield

components; yield loss.
Core Ideas

•

Pre-emergence herbicides delayed the critical time of Palmer amaranth removal
(CTPAR)

•

No difference in CTPAR was observed between pre-emergence herbicides tested

•

The CTPAR depends on many factors including residual herbicide used and
growing conditions
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Introduction
Nebraska growers contributed over 7% of the 2.07 billion kg of soybean [Glycine
max (L) Merr.] produced in the United States in 2018 (USDA, 2019). Soybean is the
second most important crop in Nebraska, and is grown on 2.0 to 2.4 million hectares
every year (USDA, 2019). Dicamba/glyphosate-resistant (DGR) soybean has been
commercially available since the 2017 growing season in the United States. In 2018, DGR
soybean accounted for 50% of Nebraska soybean production (Werle et al., 2018) that
increased to almost 70% in 2019 (Jhala et al. 2019). In June 2020, the United States Court
of Appeals for the Ninth Circuit issued a ruling that cancelled the registration of three
dicamba products (FeXapan®, Engenia®, and XtendiMax®) labeled and primarily used in
DGR soybean (Jhala et al. 2020); however, in October 2020, United States Environmental
Protection Agency (USEPA) approved registration of three dicamba based products
[Engenia®, Tavium® (a premix of S-metolachlor and dicamba), and XtendiMax®] for five
years (USEPA 2020).
Palmer amaranth (Amaranthus palmeri S. Watson) is native to the southwest
United States; however, over the last two decades, it has spread and has become the
most troublesome weed in agronomic crops in the United States (WSSA 2016). During
this period, Palmer amaranth biotypes have evolved resistance to microtubule-inhibiting,
acetolactate synthase (ALS)-inhibiting, photosystem II (PS II)-inhibiting, 5enolpyruvylshikimate-3-phosphate synthase (EPSPS)-inhibiting, hydroxyphenylpyruvate
dioxygenase (HPPD)-inhibiting, and protoporphyrinogen oxidase (PPO)-inhibiting, long
chain fatty acid-inhibiting, and synthetic auxin herbicides (Chahal, Aulakh, Mithila, &
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Jhala, 2015; Heap 2019). The first GR Palmer amaranth was confirmed in 2004 in Georgia
(Culpepper et al., 2006). Since then, 32 states have confirmed GR Palmer amaranth
including Nebraska (Chahal, Varanasi, Jugulam, & Jhala, 2017; Heap, 2019). This
problematic weed is a prolific seed producer with the capacity to produce up to 613,000
seeds per female plant (Keeley, Carter, & Thullen, 1987). Furthermore, it is able to
outcompete most crops, resulting in up to 91% yield loss in corn (Massinga, Currie,
Horak, & Boyer, 2001) and 68% yield loss in soybean (Klingaman & Oliver, 1994).
Glyphosate is the most commonly used herbicide in GR corn-soybean cropping systems in
Nebraska (Sarangi & Jhala, 2018a); therefore, a widespread occurrence of GR Palmer
amaranth requires alternate herbicides and other practices for their management
(Sarangi et al., 2015a).
In order to control herbicide-resistant Palmer amaranth, it is imperative to use the
best management practices, including use of effective herbicides with multiple sites-ofaction, planting into weed-free fields, and using an integrated weed management (IWM)
program (Norsworthy et al., 2012). The IWM approach is the combination of different
techniques to achieve the most effective and sustainable weed control strategies
(Swanton & Weise, 1991). A key element of a successful IWM program is the critical
period of weed control (CPWC) which defines the period of time in which weeds must be
controlled to prevent unacceptable yield loss (Knezevic, Evans, Blankenship, Acker, &
Lindquist, 2002). The CPWC is comprised of the critical timing of weed removal (CTWR)
and critical weed-free period (Knezevic et al., 2002). The CTWR represents the length of
time weeds can compete with the crop before a yield reduction occurs. The CTWR is
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influenced by many factors, including the type of crop and weed species, environmental
conditions (Tursun, Datta, Budak, Kantarci, & Knezevic, 2016), cropping systems
(Norsworthy & Oliveira, 2004), soil nutrients (Evans, Knezevic, Lindquist, Shapiro, &
Blankenship, 2003; Odero & Wright, 2013), crop row spacing (Knezevic, Evans, & Mainz,
2003), and use of residual PRE herbicides (Barnes, Knezevic, et al., 2019; Knezevic et al.,
2013). A recent multi-location study in Nebraska reported that use of PRE herbicide
reduced early- season weed competition and also delayed the CTWR, which provides a
broader window for planning and implementing other IWM strategies (Knezevic et al.,
2019). The CTWR in soybean across three locations in Nebraska has been reported from
V1 to V2 without PRE herbicide and was delayed 2 to 5 weeks depending on which PRE
herbicide was used and the field location (Knezevic et al., 2019).
Flumioxazin applied alone or in a premix has been used PRE at planting by
soybean growers for effective control of GR Palmer amaranth (Jhala, Sandell, Sarangi,
Kruger, & Knezevic, 2017; Norsworthy & Oliveira, 2004). In 2019, a premix of flumioxazin,
metribuzin, and pyroxasulfone was labeled for PRE residual weed control in soybean
(Valent U.S.A. LLC, 2019). The CTWR in soybean has not been investigated where Palmer
amaranth is the dominant weed species. Additionally, literature does not currently exist
about critical time of Palmer amaranth removal (CTPAR) affected by commercially
available single active ingredient PRE herbicide versus a premix of three herbicide active
ingredients. The objective of this study was to determine the CTPAR affected by no-PRE
herbicide, single active ingredient PRE herbicide (flumioxazin), and a premix of three
herbicide active ingredients (flumioxazin/metribuzin/pyroxasulfone) in DGR soybean. We
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hypothesized that flumioxazin applied alone and a premix of
flumioxazin/metribuzin/pyroxasulfone applied PRE would delay CTPAR compared with no
PRE herbicide in DGR soybean.

Materials and methods
Site description

Field experiments were conducted during the 2018 and 2019 growing seasons near
Carleton, NE (40.3067 ˚N, 97.6755 ˚W) in a rain-fed, non-irrigated grower’s field with
confirmed GR Palmer amaranth infestation (Chahal et al., 2017). Palmer amaranth was
the predominant weed species at the research site. The soil at the experimental site was
silt loam with 63% silt, 19% sand, 18% clay, 2.63% organic matter, and 4.8 pH. A previous
crop at the research site was soybean and no fertilizers were applied. A preplant
herbicide (glyphosate plus paraquat) was applied before three weeks of planting for
control of winter annual weeds such as horseweed and henbit at the research site duing
both years.
Experimental design and treatments

The experiment was arranged in a split-plot design with four replications with herbicide
treatments as the main plot and weed removal timings as subplot. Herbicides in main
plots were flumioxazin applied PRE at 107 g ai ha–1 (Valor® SX; Valent USA LLC, Walnut
Creek, CA 94596), a premix of flumioxazin/metribuzin/pyroxasulfone at 82.75, 248.1, and
105.75 g ai ha–1 (Fierce® MTZ; Valent USA LLC, Walnut Creek, CA 94596), recpectively,
and a set of treatments without a PRE herbicide. The subplot treatments consisted of
removal of Palmer amaranth at V1, V3, V6, R2, and R5 soybean growth stages. Subplots

15
also included a weed-free and a nontreated control. Palmer amaranth was allowed to
interfere with soybean until aforementioned removal timings and then plots were kept
weed-free for rest of the season. Individual plot dimension was 3 m wide and 9 m long.
Dicamba/glyphosate-resistant soybean (S29 K3X, Syngenta®, Greensboro, NC
27409) was planted on May 10, 2018 and May 16, 2019 at 140,000 seeds per ha with
76.2 cm between rows, followed by PRE herbicide application on the same day using a
handheld CO2-pressurized backpack sprayer equipped with five AIXR 110015 flat-fan
nozzles (TeeJet® Technologies, Spraying Systems Co., Wheaton, IL 60187) spaced 51 cm
apart and calibrated to deliver 140 L ha–1 at 276 kPa at a constant speed of 4.8 km h−1.
Plots were sprayed with dicamba (XtendiMax® with VaporGrip; Monsanto Company, St.
Louis, MO 63167) at 560 g ae ha−1 at the aforementioned removal timing with the
backpack sprayer equipped with five TTI 110015 flat-fan nozzles (TeeJet® Technologies).
Plots were kept weed-free throughout the growing season following Palmer amaranth
removal timing by hand-hoeing.
Data collection

At each removal timing, a 1 m2 quadrant was randomly placed between the middle two
soybean rows within the corresponding plot and Palmer amaranth density, height, and
biomass were collected. Aboveground biomass was obtained by clipping Palmer
amaranth plants at soil level, drying in paper bags at 65 C for 10 d until constant mass
and weighing the samples. By the season end, soybean yield components were obtained
from the samples collected from the center two soybean rows. Three plants from middle
two rows were randomly selected to determine number of pods per plant and number of
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seeds per pod. Soybean yield was harvested with a plot combine from the center two
rows and corrected to 13% moisture. Yield loss was calculated as:
YL = 100 × (1–P/C)

[1]

where YL is the yield loss relative to the weed-free control plot, P is the treatment plot
yield, and C is the yield of the weed-free control plot.
Temperature and rainfall data for 2018 and 2019 growing seasons were obtained
from the nearest High Plains Regional Climate Center located near Hebron, Nebraska.
Temperatures were collected from soybean emergence until season end and converted
to Celsius growing degree days (GDDc) using the equation (Gilmore & Rogers, 1958):
GDDc = Σ [{(𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛) ⁄ 2} − 𝑇𝑏𝑎𝑠𝑒]

[2]

where Tmax and Tmin are the daily maximum and minimum air temperatures, respectively,
and Tbase is the base temperature (10 C; Gilmore & Rogers, 1958).
Statistical analysis

Palmer amaranth biomass, density, and height data were subjected to ANOVA to test for
significance of fixed and random effects, where year and replications were treated as
random effects and PRE herbicide treatments and removal timings as fixed effects.
Tukey’s least significant difference was used to separate means at α = 0.05. Statistical
analysis was performed in R (R Core Team 2019) utilizing the base packages and the drc:
Analysis of Dose-Response Curves package (Ritz, Baty, Streibig, & Gerhard, 2015). A fourparameter log-logistic model was used to describe the relationship between soybean
yield response variables and weed removal timing (in GDDc) using the following equation
(Knezevic, Streibig, & Ritz, 2007):
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Y = c + (d – c)/{1 + exp [b (log x – log e)]}

[3]

where Y is the response variable [yield (kg ha‒1), plants m‒1 row, pods plant‒1, seeds pod‒
1

, or yield loss (YL)], c is the lower limit, d is the upper limit, x is the duration of weed

removal timing in GDDc, e is the ED50 (GDDc where 50% response between lower and
upper limit occurs; inflection point), and b is the slope of the line at the inflection point.
The CTWR in this study was determined based on an arbitrary 5% yield loss threshold
(Knezevic et al., 2003; Knezevic et al., 2019).
Root mean square error (RMSE) and modeling efficiency (ME) were calculated to
evaluate goodness of fit for soybean yield and yield loss (Barnes, Jhala, Knezevic,
Sikkema, & Lindquist, 2018; Roman, Murphy, & Swanton, 2000; Sarangi & Jhala, 2018b).
RMSE = [1/𝑛 ∑!"#$(𝑃𝑖 − 𝑂𝑖)% ]$/%

[4]

where 𝑃𝑖 and 𝑂𝑖 are the predicted and observed values, respectively, and 𝑛 is the total
number of comparisons. The smaller the RMSE, the closer the model-predicted values
are to the observed values. The ME was calculated using following equation (Barnes et
al., 2017; Mayer & Butler, 1993).
ME = 1 − [∑!"#$(𝑂𝑖 − 𝑃𝑖)% / ∑!"#$(𝑂𝑖 − Ō𝑖)% ]

[5]

where Ō𝑖 is the mean observed value and all other parameters are the same as equation
4. ME value closer to 1.00 means more accurate prediction (Sarangi, Irmak, Lindquist,
Knezevic, & Jhala, 2015b).
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Results and discussion
Temperature and precipitation

Average season temperatures in 2018 and 2019 were near 30-yr season average at the
research site; however, early season temperatures varied between years (Table 1). The
2018 growing season started off warmer with average temperatures of 20.6 and 25.0 C
for May and June, respectively, compared with 14.8 and 21.8 in 2019. Monthly
precipitation varied from the 30-yr average in both years of the study. In addition, the
2018 growing season started with below average precipitation, with 78 and 96 mm in
May and June compared with 30-yr average of 135.4 and 115.1 mm and above average
precipitation was observed throughout the growing season of 2019 (Table 1). Palmer
amaranth density, biomass, and height were significantly different between years
because of variable weather conditions in 2018 and 2019 growing seasons; therefore,
data are presented separately.
Palmer amaranth density

Palmer amaranth densities in 2018 averaged 85, 11, and 17 plants m‒2 for no-PRE
herbicide, flumioxazin, and flumioxazin/metribuzin/pyroxasulfone; and 1,122, 15, and
268 plants m‒2, respectively, in 2019 at V1 soybean growth stage (Table 2). Palmer
amaranth emergence in 2019 at V1 soybean growth stage was greater than the
emergence observed in 2018, which can be attributed to the abundant rainfall (Table 1).
At the V6 soybean growth stage, Palmer amaranth densities were 716, 85, and 34 plants
m‒2 in 2018 and 758, 26, and 24 plants m‒2 in 2019 for no-PRE herbicide, flumioxazin, and
flumioxazin/metribuzin/pyroxasulfone, respectively. For the aforementioned treatments,
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weed densities were 252, 60, and 32 plants m‒2 in 2018; and 229, 7, and 16 plants m‒2 in
2019 when soybean was at R5 growth stage. Both herbicides applied PRE were highly
effective for controlling GR Palmer amaranthdue to efficacy of flumioxazin applied alone
or in a premix for controlling Amaranthus species. For example, Bell, Norsworthy, and
Scott (2016) reported 100% control of GR Palmer amaranth with
flumioxazin/pyroxasulfone at 28 d after soybean planting. In addition, Sarangi et al.
(2017) also reported GR waterhemp [Amaranthus tuberculatus (Moq.) J. D. Sauer] density
as low as 2 plants m‒2 at 21 d after flumioxazin plus pyroxasulfone applied PRE at 88 and
112 g of ai ha–1, respectively, compared with 307 plants m‒2 in nontreated control in
soybean. Houston, Norsworthy, Barber, and Braham (2019) also reported highly effective
PPO-inhibitor-resistant Palmer amaranth control with up to 91% density reduction when
flumioxazin was applied as PRE.
Palmer amaranth biomass

Palmer amaranth biomass increased as plants were allowed to coexist with soybean until
later removal timings, as expected. For example, in 2018 at V1 soybean growth stage,
Palmer amaranth biomass in no-PRE herbicide was 29 g m‒2 (Table 2). By the R5 soybean
growth stage, Palmer amaranth biomass for the same treatment was 406 g m‒2.
By the V6 soybean growth stage, aforementioned treatments resulted in 206, 63, and 41
g m‒2 Palmer amaranth biomass in 2018 and 132, 31, and 47 g m‒2 in 2019, respectively.
At R5, Palmer amaranth biomass for no-PRE herbicide, flumioxazin, and
flumioxazin/metribuzin/pyroxasulfone was 406, 138, and 266 g m‒2 in 2018; and 357, 72,
and 246 g m‒2 in 2019, respectively. During the 2019 growing season Palmer amanrath
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biomass in plots with flumioxazin was lower than the plots where the
flumioxazin/metribuzin/pyroxasulfone premix was applied, which can be atribuited to
higher rate (107 g ai ha–1) of flumioxazin when applied alone, compared with 82.75 g ai
ha–1 of flumioxazin in the premix. Further, Sarangi and Jhala (2019) reported 86% Palmer
amaranth biomass reduction with flumioxazin + pyroxasulfone applied as PRE at 88 + 112
g ai ha–1, respectively, in GR soybean in a multi-year study in Nebraska. Similarly,
Umphres, Steckel, and Mueller (2018) reported 98 and 100% Palmer amaranth biomass
reduction of PPO-inhibitor-resistant and susceptible Palmer amaranth biotype,
respectively. Despite the difference between years, Palmer amaranth density and
biomass were reduced by PRE herbicides, which support previous studies that obtained
high levels of Palmer amaranth control using flumioxazin/pyroxasulfone (Bernards et al.,
2010; Hay, 2017; Jenkins, Krausz, Matthews, Gage, & Walters, 2017; Mahoney,
Shropshire, & Sikkema, 2014; Young et al., 2010).
Palmer amaranth height

No difference in Palmer amaranth height was observed among herbicide treatments;
however, Palmer amaranth height increased with the delayed removal timing. For
example, at V1 soybean growth stage, Palmer amaranth height varied from 0.5 to 2 cm in
2018 and 4 to 8 cm in 2019, and at R5 soybean growth stage, varied from 72 to 107 cm in
2018 and 107 to 136 cm in 2019 (Table 2). On average, Palmer amaranth plants were
taller in 2019 compared with 2018 due to an abundance of rainfall (Table 1). Chahal,
Irmak, Jugulam and Jhala (2018) while studying the effects of water stress on Palmer
amaranth growth and fecundity, reported that height varied from 88 to 178 cm when
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plants were exposed to moderate water stress and no water stress, respectively, which
supports the difference in Palmer amaranth heights observed between 2018 and 2019
growing seaons. Despite the results observed from this study, previous studies
repeatedly reported weed height reduction after PRE herbicide application. For instance,
Liphadzi & Dille, (2006) reported 40 to 71% reduction in Palmer amaranth height by
isoxaflutole applied PRE but not affected by flumetsulam. Barnes, Jhala, Knezevic,
Sikkema, and Lindquist (2019) reported that Palmer amaranth in nontreated control was
130 cm tall compared to 105 cm in plots with atrazine/S-metolachlor applied PRE in
popcorn (Zea mays L. var. everta).
Soybean yield components

The impact of the duration of Palmer amaranth interference on soybean yield
components varied between years for number of plants m‒1 row, number of pods plant‒1,
and number of seeds pod‒1 between PRE herbicides (Figure 1; Table 3). Despite the
variability observed among some of the parameter estimates, previous literacture
repeatedly reported similar results, in which the use of PRE herbicides delayed the ED50
and/or prevented greater losses from the yield components compared with treatments
without PRE herbicides.
The PRE herbicides resulted in similar lower limits for the number of plants m‒1
row in 2018 ranging from 15.5 to 16.3 plants m‒1 row; however, the ED50 was delayed
when PRE herbicides were applied (Table 3; Figure 1E and 1F). In absence of a PRE
herbicide, the ED50 occurred at 205 GDDc and it was delayed to 304 and 328 GDDc,
respectively, with flumioxazin and flumioxazin/metribuzin/pyroxasulfone. Similarly,
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Knezevic et al. (2019) reported that saflufenacil/imazethapyr/pyroxasulfone, and
sulfentrazone/imazethapyr applied PRE delayed the ED50 to 699 and 850 GDDc,
respectively, compared to 222 GDDc when no-PRE herbicide was applied.
The number of pods per plant in the nontreated control with no PRE herbicide
was 13 and 24 pods plant‒1 and the ED50 occurred at 405 and 515 GDDc in 2018 and
2019, respectively. The use of PRE herbicide delayed the ED50, preventing reduction in
the number of pods per plant (Figure 1C and 1D; Table 3). Similarly, Gustafson, Knezevic,
Hunt, and Lindquist (2006) in a multi-location study consistently observed reduction in
the number of pods per plant when weeds were competing with soybean until V2 to V4
growth stage. Additionally, Trezzi et al. (2015) reported the reduction of number of pods
per plant as the most affected yield parameter due to weed interference. Peer et al.
(2013) observed 42 pods plant‒1 in nontreated control compared with 51 and 47 pods
plant‒1 when fluchloralin and pendimethalin were applied PRE, respectively.
Number of seeds per pod was reduced due to weed interference. In the 2018
growing season, the number of seeds per pod resulted in similar lower limits, with 2
seeds per pod; however, the ED50 for nontreated control plots with no PRE herbicide
occurred at 399 GDDc compared to 476 and 667 when flumioxazin and
flumioxazin/metribuzin/pyroxasulfone were applied, respectively. In 2019 growing
season when no PRE herbicide was applied, nontreated control resulted in 2 pods plant‒1
and the ED50 occurred at 434 GDDc. When flumioxazin was applied, the ED50 occurred at
609 GDDc compared with 486 GDDc with a premix of
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flumioxazin/metribuzin/pyroxasulfone (Figure 1A and 1B; Table 3). In a similar study, Silva
et al. (2008) observed significant reduction in number of soybean seeds per pod at 42
and 49 DAE in high and low weed density scenarios, respectively.
Soybean yield and yield loss

Soybean yield in 2018 was lower compared with 2019 due to dryer and warmer weather
conditions observed in May and June of 2018 (Table 1). In 2018 growing season, weedfree plots yielded 1,788, 1,563, and 1,391 kg ha‒1 compared with 4,922, 4,764, and 4,844
kg ha‒1 in 2019, respectively, in no-PRE herbicide, flumioxazin, and
flumioxazin/metribuzin/pyroxasulfone (Figure 2A and 2B; Table 4). In contrast, soybean
yield in nontreated control were 1,073, 730, and 1,390 kg ha‒1 in 2018 and 2,961, 3,737,
and 3,314 in 2019, respectively, in no-PRE herbicide, flumioxazin, and
flumioxazin/metribuzin/pyroxasulfone. In a similar study, Knezevic et al. (2003) reported
soybean yield from the nontreated control ranging from 440 to 2,330 kg ha‒1 compared
with 2,650 to 3,520 kg ha‒1 in weed-free control; additionally, yield differences between
locations were attributed to dry weather reported in one of the study sites. Incremental
increase in soybean yield when PRE herbicides were applied is attributed to the effective
control of Palmer amaranth which reduced crop-weed competition (Table 2). Sarangi and
Jhala (2018b) reported that nontreated control yielded 2,247 and 560 kg ha‒1 in 2016
and 2017, respectively, compared to 3,757, and 933 kg ha‒1 when
flumioxazin/pyroxasulfone was applied PRE at 88 and 112 g of ai ha–1, in 2016 and 2017,
respectively.
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In absence of PRE herbicide, yield loss in nontreated control was 58% and 38%
compared with 45% and 30%; and 30% and 25% with flumioxazin and
flumioxazin/metribuzin/pyroxasulfone, respectively, in 2018 and 2019 (Figure 3A and 3B;
Table 5). Moreover, a four-parameter log-logistic model fit the data well with root mean
square error (RMSE) ranging from 7.36 to 9.40 and 5.18 to 7.84; and modeling efficiency
(ME) from 0.91 to 0.96 and 0.90 to 0.96, respectively, in 2018 and 2019. The differences
in yield loss between years are attributed to differences in precipitation and Palmer
amaranth infestation in 2018 and 2019 growing seasons (Tables 1 and 2). Similarly,
Elezovic et al. (2012) reported 79% yield loss in imidazolinone-resistant sunflower
(Helianthus annuus L.) where weeds were allowed to compete until R5 growth stage
compared with 55% yield loss when S-metolachlor and fluorchloridon were applied PRE.
Mulugeta and Boerboom (2000) reported up to 81% soybean yield loss in nontreated
control compared with 24% yield loss where weeds were allowed to compete until R1
growth stage. Yield loss in soybean has also been studied with interference from other
weed species. For example, Eaton & Feltner (1976) reported up to 32% yield loss when
velvetleaf (Abutilon theophrasti Medik.) was competing with soybean throughout the
growing season.
Critical time of Palmer amaranth removal (CTPAR)

The CTPAR based on a 5% soybean yield loss varied between years; therefore, data were
analyzed separately for both years (Table 6; Figure 3). The CTPAR without PRE herbicide
occurred at 194 GDDc, which corresponded to V1 soybean growth stage or 18 days after
emergence (DAE) in 2018. When flumioxazin and flumioxazin/metribuzin/pyroxasulfone
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were applied, 5% yield loss occurred at 351 and 255 GDDc, which corresponded to V3
and V2 soybean growth stage or 33 and 24 DAE, respectively (Table 6). Similarly, Silva et
al. (2009) reported CTWR in GR soybean occurred between 11 and 24 DAE for high and
low weed density scenario, respectively. In 2019, the CTPAR without PRE herbicide was
observed at 480 GDDc, which corresponded to V6 soybean growth stage or 40 DAE. PRE
herbicides delayed the CTPAR until 501 and 546 GDDc, which corresponded to V6 and R1
soybean growth stages or 42 and 45 DAE for flumioxazin and
flumioxazin/metribuzin/pyroxasulfone, respectively. Knezevic et al. (2019) in a multilocation study reported the CTWR in soybean ranged from V4 to R5 growth stages when
imazethapyr/sulfentrazone, or imazethapyr/pyroxasulfone/saflufenacil were applied PRE.
The CPWR can vary due to several environmental conditions, in this study the unusual dry
conditions observed in 2018 and the unusual rainfall during 2019 contribuited for the
variability between years, which explain the CTPAR starting at V1 soybean growth stage
in 2018 and and V6 in 2019. Similarly, Van Acker, Swanton, and Weise (1993) reported
variability in the CTWR ranging from V3 to R3 soybean growth stage or from 9 to 38 DAE,
which was attributed to differences in weather conditions and weed populations
observed throughout the study.
Recommendations and practical implications

Results of this study suggest that when no PRE herbicide was applied, Palmer amaranth
should not be allowed to compete with soybean for more than 194 and 480 GDDc, which
is equivalent to V1 and V6 soybean growth stages or 18 and 40 DAE, respectively. The
PRE herbicide can delay the CTPAR depending on residual herbicide used and the
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growing conditions. In this study, flumioxazin delayed the CTPAR to 341 and 501 GDDc,
which corresponded to V3 (32 DAE) and V6 (42 DAE) soybean growth stages,
respectively, in 2018 and 2019. In addition, flumioxazin/metribuzin/pyroxasulfone
delayed the CTPAR to 255 (V2; 24 DAE) and 546 GDDc (R1; 45 DAE). Despite some
difference between the CTPAR influenced by flumioxazin and
flumioxazin/metribuzin/pyroxasulfone, best management practices requires the use of
herbicide with multiple sites of action to minimize new herbicide-resistant weed
biotypes, which can be obtained by carefully planning PRE and POST herbicide
applicatiions.
Similar studies have shown that the CTWR in soybean without PRE herbicide
could range from 14 to 30 DAE (Gustafson et al., 2006; Knezevic et al., 2003); however,
many factors can influence the CTWR such as weed density, weed composition, and time
of crop and weed emergence. The CTWR in crop fields with high weed density and early
weed emergence is expected to occur earlier compared with locations with low weed
density and late weed emergence (Jeschke et al., 2011; Soltani, Dille, Burke, & Sikkema,
2017). By reducing early season weed competition, the PRE herbicide can partially
protect soybean yield and can delay the time of POST herbicide application. Selection of a
PRE herbicide based on known weed composition of the field may increase PRE herbicide
efficacy and further delay the CTWR.
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Table 2-6 The critical time of Palmer amaranth removal in soybean affected by flumioxazin at 107 g ai ha‒1,
flumioxazin/metribuzin/pyroxasulfone at 436.6 g ai ha‒1 and without PRE herbicide obtained for 5% of yield loss
in field experiments conducted at Carleton, NE in 2018 and 2019.a

Year
2018

2019

a

PRE herbicide

GDDc

SGS

DAE

No PRE herbicide

194 (59)

V1

18

Flumioxazin

351 (61)

V3

33

Flumioxazin/metribuzin/pyroxasulfone

255 (92)

V2

24

No PRE herbicide

480 (48)

V6

40

Flumioxazin

501 (188)

V6

42

Flumioxazin/metribuzin/pyroxasulfone

546 (420)

R1

45

Abbreviations: DAE; days after crop emergence; GDDc, growing degree days in Celsius; SGS, soybean growth
stage; V1, soybean at first trifoliate stage; V6, soybean at six trifoliate stage; R5, soybean at beginning seed
development stage.
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Figure 2-1 Soybean plant density (plants m–1 of row) at harvest in (A) 2018 and (B) 2019,

pods per plant in (C) 2018 and (D) 2019, and seeds per pod in (E) 2018 and (F) 2019 in
response to increasing duration of glyphosate-resistant Palmer amaranth interference as
represented by growing degree days (GDD after emergence, C) in no-PRE herbicide,
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flumioxazin (107 g ai ha–1), and flumioxazin/metribuzin/pyroxasulfone (436.6 g ai ha–1)
applied PRE in field experiments conducted near Carleton, Nebraska, USA. Regression
lines represent the fit of a four-parameter log-logistic model.
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Figure 2-2 Soybean yield (kg ha–1) in response to increasing duration of Palmer amaranth

interference as represented by growing degree days (GDD after emergence, C) in no PRE
herbicide, flumioxazin (107 g ai ha–1), and flumioxazin/metribuzin/pyroxasulfone (436.6 g
ai ha–1) applied PRE during (A) 2018 and (B) 2019 in field experiments conducted near
Carleton, Nebraska, USA. Regression lines represent the fit of a four-parameter loglogistic model.
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FIGURE 2-3 Soybean yield loss (%) in response to increasing duration of Palmer amaranth

interference represented by growing degree days (GDD after emergence in C) in no-PRE
herbicide, flumioxazin (107 g ai ha–1), and flumioxazin/metribuzin/pyroxasulfone (436.6 g
ai ha–1) applied PRE during (A) 2018 and (B) 2019 in field experiments conducted near
Carleton, Nebraska, USA. Regression lines represent the fit of a four-parameter loglogistic model.
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CHAPTER 3: EFFECT OF LATE-SEASON HERBICIDE APPLICATIONS
ON SEED PRODUCTION AND FECUNDITY OF GLYPHOSATERESISTANT PALMER AMARANTH (AMARANTHUS PALMERI) IN
SOYBEAN
De Sanctis JH, Knezevic SZ, Kumar V, Jhala AJ (2020) Effect of late-season herbicide
application on seed production and fecundity of glyphosate-resistant Palmer amaranth in
soybean. Weed Technology (Under Review)

Abstract
Glyphosate-resistant (GR) Palmer amaranth is a troublesome weed that can emerge
throughout soybean growing season in Nebraska and several other states in the United
States. Late- emerging Palmer amaranth plants can escape POST herbicide and produce
seeds, thus replenishing the soil seedbank. The objectives of this study were to evaluate
single or sequential applications of labeled POST herbicides such as acifluorfen, dicamba,
fomesafen/fluthiacet-methyl, glyphosate, and lactofen on GR Palmer amaranth control,
density, biomass, seed production, and fecundity as well as grain yield of
dicamba/glyphosate-resistant (DGR) soybean. Field experiments were conducted in a
grower’s field infested with GR Palmer amaranth near Carleton, NE, in 2018 and 2019
without PRE herbicide applied. Acifluorfen, dicamba, fomesafen, fluthiacet-methyl,
glyphosate, or lactofen were applied POST in single or sequential applications between
V4 and R6 soybean growth stages (SGSs). Dicamba applied at V4 SGS or in sequential
applications at V4 followed by R1 or R3 SGS provided 86% to 97% control of GR Palmer
amaranth 21 d after treatment (DAT) and 91% to 100% control at soybean harvest,
reduced Palmer amaranth density to as low as ≤ 2 plants m–2, reduced Palmer amaranth
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seed production in the range of 557 to 2,911 seeds per female plant, and secured the
highest soybean yield during both years of the study. Sequential applications of
acifluorfen, fomesafen/fluthiacet, or lactofen were not as effective as dicamba for GR
Palmer amaranth control; however, they were equally effective to reduce seed
production. Results of this study suggest that dicamba was effective to control GR Palmer
amaranth and reduce density, biomass, and seed production without DGR soybean
injury. Palmer amaranth seed viability was not affected by herbicides, as it was
comparable with the nontreated control, indicating that late-season herbicides had no
effect on fecundity.
Nomenclature:

Acifluorfen; dicamba; fluthiacet-methyl; fomesafen; glyphosate; lactofen; Palmer
amaranth, Amaranthus palmeri S. Watson; soybean, Glycine max (L.) Merr.
Key Words:

Biomass reduction; growth stage; inflorescence; POST herbicide; seed viability
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Introduction
Native from arid areas of southwestern United States and northern Mexico (Sauer 1957),
Palmer amaranth was first listed as a problem weed in 1989 in South Carolina in a survey
conducted by the Southern Weed Science Society (Webster and Coble 1997). In 2009, it
was ranked as the most problematic weed in cotton (Gossypium hirsutum L.) production
fields in the southern United States (Webster and Nichols 2012). By 2016, Palmer
amaranth was ranked as the most troublesome weed in agronomic crops in the United
States (WSSA 2016). Other species from the pigweed family, such as prostrate pigweed
(Amaranthus graecizans L.), redroot pigweed (Amaranthus retroflexus L.), tumble
pigweed (Amaranthus albus L.), and waterhemp (Amaranthus tuberculatus Sauer) have
been reported to occur in Nebraska (Stubbendieck et al. 1994); however, Palmer
amaranth infestation is comparatively recent. A widespread occurrence of Palmer
amaranth has been observed in the last 5 to 7 yr in Nebraska, particularly in agronomic
crop fields in south central, west central, and panhandle counties (Vieira et al. 2018).
Palmer amaranth is a summer annual broadleaf weed with an erect growth habit,
can reach up to 2.0 m height, has an inflorescence 0.5 m long (Elmore 1990), and can
produce up to 613,000 seeds per female plant (Keeley et al. 1987). Palmer amaranth can
emerge throughout the crop growing season (Jha and Norsworthy 2009) and has a
vigorous growth rate (Jha et al. 2008b). Moreover, Palmer amaranth distinguishes itself
from other pigweed species with a greater plant volume, dry weight, and leaf area, as
well as a 24% to 62% higher growth rate (Horak and Loughin 2000). Thus, Palmer
amaranth is a competitive weed and can cause significant yield reduction in agronomic
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crops. For example, Massinga et al. (2001) reported 11% and 91% corn (Zea mays L.)
yield losses with Palmer amaranth density of 0.5 and 8.0 plants m─2, respectively, in
multi-year field experiments in Kansas. Klingaman and Oliver (1994) reported 17% to 68%
soybean yield losses with Palmer amaranth density of 0.33 to 10 plants m─2 in Arkansas.
In addition, Palmer amaranth is a dioecious species (male and female plants are
separate), which results in a wide genetic diversity due to pollen-mediated gene flow and
rapid spread of herbicide resistance alleles (Jhala et al. 2020b; Oliveira et al. 2018).
The repeated use of the same herbicide or herbicides with the same site of action
(SOA) resulted in the evolution of Palmer amaranth biotypes resistant to several
herbicide SOAs, including inhibitors of microtubules, acetolactate synthase (ALS),
photosystem II (PS II), 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS),
hydroxyphenylpyruvate dioxygenase (HPPD), protoporphyrinogen oxidase (PPO), longchain fatty acids, and synthetic auxin herbicides (Chahal et al. 2015; Heap 2020). The first
case of glyphosate-resistant (GR) Palmer amaranth was confirmed in 2004 in Georgia
(Culpepper et al.2006). In Nebraska, a GR Palmer amaranth biotype was reported in 2015
in south central Nebraska in a field with repeated use of glyphosate in a GR corn–soybean
crop rotation (Chahal et al. 2017); as of 2020, it is widespread in several Nebraska
counties (Vieira et al. 2018).
Management of GR Palmer amaranth in no-till corn/soybean production systems
is primarily dependent on residual herbicides applied at planting and an additional POST
herbicide when plants are less than 15 cm tall (Chahal et al. 2017; Chahal and Jhala 2018;
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Sarangi and Jhala 2019). Most weed management strategies depend on weed density,
potential yield loss, and associated cost; however, weed escapes from POST herbicide
and late-season weed emergence are usually ignored once normal yield has been
achieved (Bagavathiannan and Norsworthy 2012). Considering the late-season
emergence pattern and prolific seed production, few female plants of Palmer amaranth
can contribute notably to the seedbank (Jha and Norsworthy 2009). Therefore, labeled
late-season herbicide applications should be investigated, particularly in soybean field
where PRE herbicide was not applied and POST herbicide is the only option in no-till
production system. Furthermore, late-season sequential herbicide applications would not
only suppress weed cohorts (Walker and Oliver 2008) but also diminish the seed
production of the surviving plants, leading to a reduction in seedbank replenishment
(Bennet and Shaw 2000). For example, bare-ground field experiments in Arkansas
provided 95%, 95%, 94%, and 81% reduction in seed production of GR Palmer amaranth
by late-season application of dicamba, 2,4-D, glufosinate, and glyphosate, respectively
(Jha and Norsworthy 2012).
Dicamba/glyphosate-resistant (DGR) soybean came to the market in the 2017
growing season in the United States. Growers in Nebraska and several other states have
adopted DGR soybean primarily for control of GR weeds such as waterhemp and Palmer
amaranth, with single or sequential applications of dicamba (Chaudhari et al. 2017;
Meyer et al. 2015; Norsworthy et al. 2008). Low-volatility formulations of dicamba were
applied in single or sequential applications from pre-plant up to R1 (first fully open
flower) SGS (Anonymous 2017a); however, the registration of three dicamba products
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(FeXapan®, Engenia®, and XtendiMax®) was cancelled in June 2020 according to a
decision by the US Court of the 9th Circuit (Jhala et al. 2020a). A pre-mix of dicamba and
S-metolachlor (Tavium®) has been labeled and can be applied in DGR soybean up to V4
SGS (Anonymous 2019a). The United States Environmental Protection Agency (USEPA)
recently approved registration of three dicamba products (Engenia®, Tavium®, and
XtendiMax®) with the nationwide cutoff date of June 30 regardless of SGS (USEPA 2020).
It is recommended to apply dicamba when Palmer amaranth is less than 10 cm
tall to achieve optimum control; however, soybean growers often apply POST herbicides
when Palmer amaranth is relatively tall or in a variable height range. It is known that
when Palmer amaranth is taller than label-recommended height, the efficacy of POST
herbicides can be compromised (Crow et al. 2016). The effect of herbicides applied late
in the season on Palmer amaranth inflorescence, seed production, and fecundity in DGR
soybean is not fully understood. In addition, PPO-inhibiting herbicides such as acifluorfen,
fomesafen, and lactofen have been used for control of GR waterhemp and Palmer
amaranth in soybean (Chaudhari et al. 2017, Norsworthy et al. 2008). The PPO-inhibiting
herbicides can be applied late in the season in soybean, depending on product used. For
example, lactofen and acifluorfen can be applied as long as the grower maintains 45 d
and 50 d of pre-harvest interval, respectively (Anonymous 2015, 2019b). A pre-mix of
fomesafen/fluthiacet-methyl (Marvel®) can be applied up to R3 SGS or within 60 d of preharvest interval (Anonymous 2017b).
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The effect of the labeled POST herbicides on Palmer amaranth seed production
and fecundity is not known if applied late in the season in single or sequential
applications in DGR soybean. The objectives of this study were to evaluate single or
sequential applications of labeled POST herbicides such as acifluorfen, dicamba,
fomesafen/fluthiacet-methyl, glyphosate, and lactofen on control, biomass, density, seed
production, and fecundity of GR Palmer amaranth in DGR soybean as well as their effect
on soybean yield in Nebraska.
Materials and Methods
Site Description

Field experiments were conducted in the 2018 and 2019 growing seasons near Carleton,
NE (40.3067˚N, 97.6755˚W), in a dryland grower’s field with confirmed GR Palmer
amaranth infestation. The level of glyphosate resistance in this biotype is 37- to 40-fold
compared with susceptible biotypes (Chahal et al. 2017). Palmer amaranth was the
predominant weed species at the research site. The soil at the experimental site was silt
loam with 63% silt, 19% sand, 18% clay, 2.63% organic matter, and 4.8 pH. The previous
crop was soybean and the field was historically in GR corn-soybean production system
with reliance on glyphosate for weed control.
Experiment Design and Treatments

The experiment was laid out in a randomized complete block design with four
replications. Herbicide programs consisted of single or sequential POST applications of
acifluorfen, dicamba, fomesafen/fluthiacet, glyphosate, and lactofen at different soybean
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growth stages and a nontreated control for comparison (Table 1). Herbicide applications
occurred at V4, V5, R1, R3, and R6 SGS, and Palmer amaranth height at the time of
application was 9 to 12 cm, 12 to 20 cm, 30 to 40 cm, 45 to 55 cm, and 75 to 90 cm,
respectively. Individual plot dimensions were 3 m wide and 9 m long, accommodating
four rows of soybean.
Dicamba/glyphosate-resistant soybean (S29 K3X, Syngenta®, Greensboro, NC
27409) was no-till planted on May 10, 2018 and May 16, 2019. Palmer amaranth was
allowed to coexist with soybean until the respective application time, and no PRE
herbicide was applied. Herbicide applications were made with a handheld CO2pressurized backpack sprayer equipped with five nozzles spaced 51 cm apart and
calibrated to deliver 140 L ha–1 at 276 kPa at a constant speed of 4.8 km h−1; TTI 110015
flat-fan nozzles (TeeJet® Technologies, Spraying Systems Co., Wheaton, IL 60187) were
used for dicamba applications, and AIXR 110015 flat-fan nozzles (TeeJet® Technologies)
were used for all other herbicides.
Data Collection

Visual estimates of Palmer amaranth control (%) were collected weekly after herbicide
application until the end of season using a scale 0% to 100%, with 0% representing no
control and 100% representing complete control. Soybean injury was accessed on a scale
of 0% to 100%, with 0% representing no injury and 100% representing plant death at 7
and 14 DAT. At 21 d after the single or sequential herbicide application, a 1-m2 quadrant
was randomly placed between the middle two soybean rows within the corresponding
plot, and Palmer amaranth density, height, and biomass data were collected.
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Aboveground biomass was obtained by clipping surviving Palmer amaranth plants at the
soil surface; harvested plants were then oven-dried in paper bags at 65 C for 10 d, and
dry weight was recorded.
When Palmer amaranth reached maturity, data on density, height, and biomass
were collected from a randomly placed 1-m2 quadrat within each plot, and up to 10
symptomatic female plants were collected from each plot. Plants were clipped at the soil
surface and dried at 25 C for 14 d and weighed. Seedheads were stripped from plant
stems, and seeds were separated by passing the threshed material through a series of
standard laboratory sieves with mesh size ranging from 0.5 to 3.35 mm. Material
collected from the 0.50-mm sieve was further processed using a seed cleaner that
utilized a column of air to remove the lighter floral chaff from Palmer amaranth seeds
(Sosnoskie et al. 2014). Seeds were thoroughly cleaned, and the seed weight and number
of seeds per female plant were determined. Temperature and rainfall data for the 2018
and 2019 growing seasons were obtained from the nearest High Plains Regional Climate
Center located near Hebron, NE (Table 2).
Seed Viability Test

A subsample of 100 seeds of Palmer amaranth was randomly selected from each plot and
placed on two layers of filter paper (Whatman No.2, Fisher Scientific, Suwanee, GA
30024) soaked in deionized water in a 10-cm-diam Petri dish (Fisher Scientific). The seed
incubator was set in a 16-h photoperiod with 30 C/24 C day/night temperature for 14 d.
Germination was evaluated based on radicle protrusion from the seed (Jha and
Norsworthy 2012; Jha et al. 2010; Steckel et al. 2004), and germinated seeds were
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counted and removed from the Petri dish on alternate days. By the end of the incubation
period, nongerminated seeds were subjected to a crush test (Sawma and Mohler 2002)
to determine viability. Seed viability was calculated as a percentage of total seeds that
germinated plus the seeds that tested positive in the crush test.
Statistical Analysis

Data were subjected to ANOVA to test for significance of fixed and random effects.
Statistical analysis was performed in R utilizing the base package (R Core Team 2019).
ANOVA was performed using the aov function with treatment and year as fixed effect.
Replication nested within years were considered as random effect in the model. If yearby-treatment interactions were significant, data were analyzed separately among years.
Palmer amaranth control, biomass, density, plant height, seed production, and seed
viability data were square-root transformed before analysis to improve the homogeneity
of variances and normality of the residuals. Back-transformed mean values are presented
based on interpretation from the transformed values. Treatment means were separated
at P ≤ 0.05 using Fisher’s protected LSD tests with the LSD.test function. Palmer amaranth
density, biomass, height, seed production, and soybean yields were significantly different
between years; therefore, data were presented separately for both years.

Results and Discussion
Temperature and Precipitation

Temperature in 2018 and 2019 growing seasons was somewhat similar to the 30-yr
average at the research site; however, early-season temperatures varied between years
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(Table 2). The growing season in 2018 started off warmer, with average temperatures of
20.6 C and 25.0 C compared with 14.5 C and 21.8 C in 2019 in May and June,
respectively. Monthly precipitation varied from the 30-yr average during both years of
the study. The 2018 growing season started with below-average precipitation, with 78
mm in May and 96 mm in June, compared with 135.4 mm in May and 115.1 mm in June
for the 30-yr average. In contrast, above-average precipitation was observed throughout
the 2019 growing season (Table 2). Palmer amaranth density, biomass, height, seed
production, and soybean yields were significantly different between years; therefore,
data are presented separately. No soybean injury was observed from dicamba or
glyphosate applications; however, PPO inhibitors resulted in 10% to 20% soybean injury
at 14 DAT and no injury 28 DAT (data not shown).
Palmer amaranth Control

Herbicides applied in a single or sequential applications at different SGS provided variable
control of GR Palmer amaranth (Table 3). Dicamba applied alone at V4 SGS or in
sequential applications (V4 followed by R1 or R3) provided 93% to 97% control 21 d after
treatment (DAT) in 2018 and 86% to 95% control 21 DAT in 2019, respectively. A single
application of dicamba at R1 SGS resulted in 75% to 76% control in 2018 and 2019,
respectively. Reduced control of GR Palmer amaranth by a single dicamba application at
R1 SGS might be due to increased plant height at the time of application. It has to be
noted that dicamba is labeled to apply until R1 growth stage in DGR soybean
(Anonymous 2017a) or by the end of June from 2021 growing season (USEPA 2020);
therefore, dicamba application at R3 SGS in this study was off-label and was included for
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a comparison. Norsworthy et al. (2008) reported that dicamba applied POST when GR
Palmer amaranth was 94 cm and 64 cm tall provided 40% and 52% control, respectively.
Delayed application of dicamba, however, might reduce the efficacy. For instance, Jha
and Norsworthy (2012) reported 40% to 52% GR Palmer amaranth control when plants
were sprayed at first sight of inflorescence. The PPO-inhibiting herbicides, such as
acifluorfen, applied in a single application at R1 SGS, provided 77% and 69% control or
45% and 40% control at R6 SGS, respectively, in 2018 and 2019 at 21 DAT; lactofen
provided 50% to 73% control in 2018 and 2019, compared with 32% to 65% control with
fomesafen/fluthiacet at 21 DAT (Table 3).
Sequential applications of acifluorfen or lactofen provided 76% and 78%; and 82%
and 75% control of GR Palmer amaranth at 21 DAT in 2018 and 2019, respectively,
compared with 80% and 72% control with fomesafen/fluthiacet (Table 3). The delay in
herbicide application was expected to result in a reduction in Palmer amaranth control.
For example, Mayo et al. (1995) reported that Palmer amaranth control shifted from 35%
to 18% and 99% to 56% when acifluorfen and lactofen were applied at 14 and 28 d after
soybean planting, respectively. Further, Franca et al. (2020) reported 52% to 67% control
of Palmer amaranth with lactofen or acifluorfen when plants were 15 cm tall at the time
of aplication. Similarly, Gizotti de Moraes (2018) reported 40% and 54% control of Palmer
amaranth with fomesafen and lactofen, respectively, when plants were at flowering stage
(15 to 58 cm tall).
Glyphosate applied in a single or sequential applications resulted in 9% to 22%
control of GR Palmer amaranth before soybean harvest, indicating uniform presence of
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GR Palmer amaranth at the research site (Table 4). Dicamba applied at V4 SGS was as
effective as sequential applications and resulted in 91% to 100% control of GR Palmer
amaranth during both years. A single application of dicamba at R1 SGS provided 77% and
83% control in 2018 and 2019, respectively, and it was comparable with sequential
applications of acifluorfen (76% and 78%) or lactofen (82% and 79%). This result occurred
because Palmer amaranth plants were relatively tall when dicamba was applied at R1
compared with V4 SGS, resulting in reduced dicamba efficacy.
Palmer amaranth Density and Biomass

Palmer amaranth densities in the nontreated control plots were 38 and 55 plants m–2 in
2018 and 2019, respectively, comparable with glyphosate applied at V4 at 21 DAT (Table
3). A single application of dicamba at V4 or R1 SGS resulted in 4 and 8, and 15 and 21
Palmer amaranth plants m–2 at 21 DAT in 2018 and 2019, respectively (Table 3).
Sequential applications of dicamba at V4 followed by R1 or R3 resulted in Palmer
amaranth density as low as 2 to 11 plants m–2 at 21 DAT during both years. A single
application of acifluorfen or lactofen at R1 SGS resulted in Palmer amaranth density of 21
to 38 plants m–2, whereas their sequential applications (R1 followed by R6) reduced
density to 10 to 14 plants m–2 (Table 3). Similarly, Coffman et al. (2020) reported Palmer
amaranth densities of 7% and 19% of the nontreated control 21 d after dicamba
application at 560 g ae ha−1.
At soybean harvest, Palmer amaranth densities in nontreated control plots were
37 and 54 plants m–2 in 2018 and 2019, respectively, indicating that most herbicide
programs tested in this study reduced Palmer amaranth density (Table 4). A single
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application of dicamba at V4 or sequential applications reduced Palmer amaranth density
to as low as ≤ 2 plants m–2 compared with ≤ 5 plants m–2 with dicamba in a single
application at R1 (Table 4). Acifluorfen, lactofen, or fomesafen/fluthiacet applied in a
single application at early SGS or in sequential applications were usually comparable and
reduced Palmer amaranth density to ≤ 15 plants m–2.
Palmer amaranth biomass in a single application of glyphosate at V4 SGS or
sequential applications (V4 followed by R1) was comparable with nontreated control
(Table 3). A single dicamba application at V4 SGS resulted in 4 and 7 g m–2 Palmer
amaranth biomass at 21 DAT in 2018 and 2019, respectively. Application of dicamba at
R1 SGS resulted in 22 and 37 g m–2, respectively, which was similar to Palmer amaranth
control and density reduction. Sequential dicamba applications at V4 SGS followed by R1
or R3 resulted in Palmer amaranth biomass of < 20 g m–2 at 21 DAT during both years.
Similarly, Norsworthy et al. (2008) reported 70% reduction in GR Palmer amaranth shoot
biomass compared with the nontreated control after a single dicamba application at 280
g ae ha–1 when plants were at six-leaf stage. In addition, Chahal et al. (2017) reported an
87% GR Palmer amaranth biomass reduction with dicamba when plants were 8 to 10 cm
tall.
Sequential applications of fomesafen/fluthiacet at V5 followed by R3 SGS resulted
in Palmer amaranth biomass of 28 and 51 g m–2 at 21 DAT in 2018 and 2019, respectively,
which in 2018 was comparable to Palmer amaranth biomass after sequential dicamba
applications at V4 followed by R3 SGS. Sequential applications of acifluorfen or lactofen
at R1 and R6 SGS were similar throughout the study (Table 3). Lillie et al. (2020) reported
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that Palmer amaranth height at the time of POST application of PPO inhibitors can affect
their efficacy. For example, Palmer amaranth shoot biomass was 30% of the nontreated
control when plants were sprayed at 8 to 10 cm height, compared to 70% from plants
sprayed at 13 to 15 cm height. Similarly, Gosset and Toler (1999) reported 75% to 81%
and 85% to 91% Palmer amaranth control with acifluorfen (280 g ai ha−1) and lactofen
(220 g ai ha−1), respectively, when plants were 4 to 8 cm tall at the time of application.
Jhala et al. (2014) reported 99% Palmer amaranth control in a greenhouse study when
plants were sprayed with lactofen (210 g ai ha−1) when 10 to 12 cm tall. Additionally,
Chahal et al. (2017) reported 71%, 49%, and 62% GR Palmer amaranth biomass reduction
with fomesafen/fluthiacet, acifluorfen, and lactofen, respectively, in a greenhouse study.
Palmer amaranth biomass at the end of the season was higher in nontreated
control compared with herbicides, with the exception of glyphosate applied in single or
sequential applications (Table 4). Dicamba applied at V4 or sequential applications at V4
followed by R1 or R3 were the most effective at reducing Palmer amaranth biomass to as
low as < 24 g m–2. Sequential applications of acifluorfen or lactofen were comparable
with < 70 g m–2 Palmer amaranth biomass in 2018 and < 80 g m–2 in 2019. Single
applications of PPO-inhibiting herbicides were mostly similar throughout the study, with
Palmer amaranth biomass ranging from 88 to 149 g m–2 in 2018 and 157 to 195 g m–2 in
2019. Similarly, Gosset and Toler (1999) reported 37% Palmer amaranth biomass
reduction at soybean harvest with acifluorfen applied 21 d after soybean planting.
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Palmer amaranth Height

Palmer amaranth plant height was affected by most herbicide applications compared
with the nontreated control 21 DAT (Table 3). Dicamba applied alone or in sequential
applications reduced Palmer amaranth height in the range of 34 to 87 cm compared with
119 cm in nontreated control at soybean harvest (Table 4). Acifluorfen, glyphosate, or
fomesafen/fluthiacet applied at V5 SGS did not reduce Palmer amaranth height (Table 4).
Although most of the studies for management of GR Palmer amaranth did not present
the effect of herbicides on plant height, late-season herbicide application is known to
affect weed height. For instance, Ganie et al. (2018) observed that GR giant ragweed
(Ambrosia trifida L.) height decreased from 61 cm in nontreated control to 23 and 24 cm
after single and sequential dicamba applications, respectively.
Palmer amaranth Seed Production

The highest Palmer amaranth seed production was in the nontreated control in 2018
(25,800 seeds per female plant) and 2019 (34,300 seeds per female plant) (Table 5).
Webster and Grey (2015) reported that a single female Palmer amaranth plant can
produce 832,000 seeds without crop competition; however, seed production was
reduced by 50% when plants were competing with cotton in a field study in Georgia.
Further, Bensch et al. (2003) reported that Palmer amaranth seed production increased
with increasing plant density; however, seed production per plant decreased with the
increments in density. For example, a single female plant produced up to 17,000 seeds
compared to 4,300 seeds per plant at a density of 8 plants m–2. Single or sequential
glyphosate applications did not reduce GR Palmer amaranth seed production, as it was
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comparable with the nontreated control. This was expected because of the presence of a
GR Palmer amaranth at the research site. In contrast, Jha and Norsworthy (2012)
reported up to 81% reduction in GR Palmer amaranth seed production, with a single
glyphosate application at 870 g ae ha–1. Additionally, Ganie et al. (2018) reported 22%
and 46% reductions in GR giant ragweed seed production in single and sequential
glyphosate applications at 1,660 g ae ha–1, respectively.
Dicamba applied in a single or sequential applications reduced GR Palmer
amaranth seed production in the range of 557 to 2,911 seeds per plant; however, it was
statistically comparable with a sequential applications of acifluorfen,
fomesafen/fluthiacet, or lactofen during both years (Table 5). Influence of dicamba on
seed production of Palmer amaranth was similar to previous studies indicating that
dicamba resulted in a > 75% reduction in seed production (Jha and Norsworthy 2012).
Fawcett and Slife (1978) reported that 2,4-D applied at 1,100 g ha−1 at early flowering
stage reduced seed production of redroot pigweed (Amaranthus retroflexus L.) by 84%.
Thus, phenoxy herbicides can significantly reduce broadleaf weed seed production even
if applied late in the season.
Palmer amaranth Seed Viability

A seed viability test was conducted to determine the effect of late-season herbicide
application on fecundity of Palmer amaranth seeds. Palmer amaranth seed viability was
in the range of 87% to 97%, with no difference among treatments and comparable with
the nontreated control (Table 5), indicating that late-season herbicide applications had
no effect on seed viability. Similarly, Taylor and Oliver (1997) reported that seed viability
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of sicklepod [Senna obtusifolia (L.) H.S. Irwin & Barneby] was ³ 90% with dicamba,
glyphosate, glufosinate, or paraquat applied at bud formation, flowering to 9 cm pod, or
15- to 30-cm pod stages. In contrast, Jha and Norsworthy (2012) reported that GR Palmer
amaranth seed viability was 52% and 61% when plants were sprayed at first sight of
inflorescence with dicamba and glyphosate, respectively, compared with 97% seed
viability in nontreated control.
Soybean Injury

Glyphosate and dicamba single or sequential applications did not cause any soybean
injury, as expected. Sequential lactofen applications resulted in greater soybean injury,
with 30% and 22% at 7 and 14 DAT, respectively. Further, soybean plants were able to
overgrow injuries from PPO-inhibiting herbicides. For example, acifluorfen applied at R1
or R6 SGS resulted in 13% and 11% soybean injury at 7 DAT, compared to 7% and 7%
when visual injury data was collected at 14 DAT, respectively. Which agrees with Kapusta
et al. (1986) that reported 8% soybean injury 7 DAT after a single application of
acifluorfen at V5 SGS, compared to 2% at 21 DAT. In addition, the same author concluded
that there were no soybean yield penalties from acifluorfen applications at V3 or V5 SGS.
Soybean Yield

Soybean yield in 2018 was less compared with 2019, most likely because of dry weather
and lack of moisture in 2018 compared with plenty of rain in 2019 during the soybean
growing season (Table 2). A single application of dicamba at V4 SGS or sequential
applications secured the highest soybean yield during both years of the study (Table 5). In
2018, soybean yield in nontreated controls was 492 kg ha−1, and this yield was
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comparable with the highest dose of PPO inhibitors or glyphosate applied in a single
application. In 2019, the lowest soybean yield was when fomesafen/fluthiacet was
applied at R3 SGS, and it was comparable with nontreated control and a few other
treatments (Table 5). Overall, the lowest soybean yields were observed in single
herbicide application at the latest application timing. Similarly, Jha et al. (2008a) reported
that a single glyphosate application at V6 SGS resulted in 1,850 kg ha−1 soybean yield
compared with 2,020 and 2,490 kg ha−1 when glyphosate was applied at V3 and V3
followed by V6 SGS, respectively.
Practical Implications

Management of GR Palmer amaranth is challenging for soybean growers,
particularly with POST herbicides, because limited effective options are available
compared with those for corn. Results of this study suggest that when dicamba was
applied to DGR soybean in single or sequential applications, it provided effective control
of GR Palmer amaranth and reduced biomass, density, and seed production; however,
this should not be a regular practice and should consider under situation where PRE
herbicide is not applied. Relying only on dicamba can result in the evolution of dicambaresistant weeds. For instance, dicamba-resistant Palmer amaranth has been confirmed in
Kansas (Peterson et al. 2019) and recently in Tennessee. The 2020 registration of three
dicamba products (Engenia®, Tavium®, and XtendiMax®) suggest that they can not be
applied after June 30 (USEPA 2020); therefore, late-season dicamba application would
not be possible unless DGR soybean is planted early.
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Results of this study revealed that PPO-inhibiting herbicides such as acifluorfen,
lactofen, or fomesafen were not as effective as dicamba for control of GR Palmer
amaranth, as they are contact herbicides; however, they were effective when applied in
sequential applications at reducing Palmer amaranth seed production. Therefore, if
growers are not able to apply PRE herbicide at soybean planting for GR Palmer amaranth
control, they can consider sequential applications of PPO-inhibiting herbicide that would
reduce Palmer amaranth seed production as they can be applied in all type of soybean,
including conventional soybean (Sarangi and Jhala 2019). This should be considered as a
rescue plan to reduce Palmer amaranth seed production and seedbank replenishment
and should not be implemented in each field, as repeated application of herbicide with
the same SOA increases the selection pressure. In fact, a PPO-inhibiting herbicideresistant Palmer amaranth (Oliveira et al. 2020) and waterhemp (Sarangi et al. 2019)
have been confirmed in Nebraska and few other states in the United States (Heap 2020).

Acknowledgments. The authors acknowledge the help of Irvin Schleufer, Shawn

McDonald, Jasmine Mausbach, Will Neels, and Adam Leise. This project was partially
supported by the Nebraska Agricultural Experiment Station with funding from the Hatch
Act through the U.S. Department of Agriculture (USDA) National Institute of Food and
Agriculture Project No. NEB-22-396. This project was also supported by the US
Department of Agriculture National Institute of Food and Agriculture’s Nebraska
Extension Implementation Program, and the Nebraska Soybean Board. No conflicts of
interest have been declared.

63

References

Anonymous (2015) Cobra® herbicide product label. EPA Reg. No. 59639-34. Walnut
Creek, CA: Valent USA LLC Agricultural Products. 7 p
Anonymous (2017a) XtendiMax® with Vaporgrip technology herbicide product label.
EPA Reg. No. 524-617. Research Triangle Park, NC: Bayer Crop Protection, Inc. 9 p
Anonymous (2017b) Marvel® herbicide product label. EPA Reg. No. 279-3455.
Philadelphia, PA: FMC Corp. 6 p
Anonymous (2019a) Tavium® plus VaporGrip® Technology herbicide product label. EPA
Reg. No. 100-1623. Greensboro, NC: Syngenta Crop Protection, LLC. 1 p
Anonymous (2019b) Ultra Blazer® herbicide product label. EPA Reg. No. 70506-60. King
of Prussia, PA: UPL NA, Inc. 9 p
Bagavathiannan MV, Norsworthy JK (2012) Late-season seed production in arable weed
communities: management implications. Weed Sci 60:325–334
Bennet AC, Shaw DR (2000) Effects of preharvest desiccants on weed seed production
and viability. Weed Technol 14:530–538
Bensch CN, Horak MJ, Peterson D (2003) Interference of redroot pigweed (Amaranthus
retroflexus), Palmer amaranth (A. palmeri), and common waterhemp (A. rudis) in
soybean. Weed Sci 51:37–43
Chahal PS, Aulakh J, Mithila J, Jhala AJ (2015) Herbicide-resistant Palmer amaranth
(Amaranthus palmeri S. Wats) in the United States: impact, mechanism of
resistance, and management. Pages 1–40 in Price AJ, Kelton JA, Sarunaite L, eds,
Herbicides, Agronomic Crops, and Weed Biology. New York: Tech Scientific
Publisher

64
Chahal PS, Jhala AJ (2018) Economics of management of photosystem II and HPPD
inhibitor-resistant Palmer amaranth in corn. Agron J 110:1905–1914
Chahal PS, Varanasi VK, Jugulam M, Jhala AJ (2017) Glyphosate-resistant Palmer
amaranth (Amaranthus palmeri) in Nebraska: confirmation, EPSPS gene
amplification, and response to POST corn and soybean herbicides. Weed Technol
31:80–93
Chaudhari S, DL Jordan, AC York, KM Jennings, CW Cahoon, A Chandi, MD Inman (2017)
Biology and management of glyphosate-resistant and glyphosate-susceptible
Palmer amaranth (Amaranthus palmeri) phenotypes from a segregating
population. Weed Sci 65:755–768
Coffman W, Barber T, Norsworthy JK, Kruger GR (2020) Effect of dicamba rate and
application parameters on protoporphyrinogen oxidase inhibitor-resistant and susceptible Palmer amaranth (Amaranthus palmeri) control. Weed Technol:1–5
Crow, WD, LE Steckel, TC Mueller, RM Hayes (2016) Management of large, glyphosateresistant Palmer amaranth (Amaranthus palmeri) in corn. Weed Technol 30:611–
616
Culpepper AS, Grey TL, Vencill WK, Kichler JM, Webster TM, Brown SM, York AC, Davis
JW, Hanna WW (2006) Glyphosate resistant Palmer amaranth (Amaranthus
palmeri) confirmed in Georgia. Weed Sci 54:620–626
Elmore CD (1990) Weed Identification Guide. Vol. 5. Champaign, IL: Southern Weed
Science Society
Fawcett RS, Slife FW (1978). Effects of 2,4-D and dalapon on weed seed production and
dormancy. Weed Sci 26:543–547
Franca LX, Dodds DM, Butts TR, Kruger GR, Reynolds DB, Mills JA, Bond JA, Catchot AL,
Peterson DG (2020) Droplet size impact on lactofen and acifluorfen efficacy for
Palmer amaranth (Amaranthus palmeri) control. Weed Technol 34:416–423
Ganie Z, Kaur S, Jha P, Kumar V, Jhala AJ (2018) Effect of late-season herbicide
applications on inflorescence and seed production of glyphosate-resistant giant
ragweed (Ambrosia trifida). Weed Technol 32:159–165

65
Gizotti de Moraes J (2018) Evaluation of Glyphosate and PPO-Inhibiting Herbicide TankMixtures to Manage Glyphosate Resistance in Soybean. Master’s thesis. Lincoln,
NE: University of Nebraska. 82 p
Gossett BJ, Toler JE (1999) Differential control of Palmer amaranth (Amaranthus
palmeri) and smooth pigweed (Amaranthus hybridus) by postemergence
herbicides in soybean (Glycine max). Weed Technol 13:165–168
Heap I (2020) International survey of herbicide-resistant weeds.
http://www.weedscience.org/Summary/Species.aspx. Accessed: March 24, 2020
Horak MJ, Loughin TM (2000) Growth analysis of four Amaranthus species. Weed Sci
48:347–355
Jha P, Norsworthy JK, Bridges Jr W (2010) Annual changes in temperatures and light
requirements for germination of Palmer amaranth (Amaranthus palmeri) seeds
retrieved from soil. Weed Sci 58:426–432
Jha P, Norsworthy JK, Bridges Jr W, Riley MB (2008a) Influence of glyphosate timing and
row width on Palmer amaranth (Amaranthus palmeri) and pusley (Richardia spp.)
demographics in glyphosate-resistant soybean. Weed Sci 56:408–415
Jha P, Norsworthy JK (2009) Soybean canopy and tillage effects on emergence of Palmer
amaranth (Amaranthus palmeri) from a natural seed bank. Weed Sci 57:644–651
Jha P, Norsworthy JK (2012) Influence of late season herbicide applications on control,
fecundity, and progeny fitness of glyphosate-resistant Palmer amaranth
(Amaranthus palmeri) biotypes from Arkansas. Weed Technol 26:807–812
Jha P, Norsworthy JK, Riley MB, Bielenberg DG, Bridges W (2008b) Acclimation of
Palmer amaranth (Amaranthus palmeri) to shading. Weed Sci 56:729–734
Jhala A, Knezevic SZ, Ogg C, Klein RN (2020a) Ninth Circuit Court orders cancellation of
three dicamba products––Updated. CropWatch Newsletter, Univ of Nebraska
Extension. https://cropwatch.unl.edu/2020/ninth-circuit-court-orderscancellation-three-dicamba-products-updated. Accessed: Sep 20, 2020
Jhala AJ, Norsworthy JK, Ganie ZA, Sosnoskie LM, Beckie HJ, Mallory-Smith CA, Liu J, Wei
W, Wang J, Stoltenberg DE (2020b) Pollen-mediated gene flow and transfer of

66
resistance alleles from herbicide-resistant broadleaf weeds. Weed Technol:1–50.
doi: 10.1017/wet.2020.101
Jhala AJ, Sandell LD, Rana N, Kruger GR, Knezevic SZ (2014) Confirmation and control of
triazine and 4-hydroxyphenylpyruvate dioxygenase-inhibiting herbicide-resistant
Palmer amaranth (Amaranthus palmeri) in Nebraska. Weed Technol 28:28–38
Kapusta G, Jackson LA, Manson DS (1986) Yield response of weed-free soybeans
(Glycine max) to injury from postemergence broadleaf herbicides. Weed Sci
34:304-307
Keeley PE, Carter CH, Thullen RJ (1987) Influence of planting date on growth of Palmer
amaranth (Amaranthus palmeri). Weed Sci 35:199–204
Klingaman TE, Oliver LR (1994) Palmer amaranth (Amaranthus palmeri) interference in
soybeans (Glycine max). Weed Sci 42:523–527
Lillie KJ, Giacomini DA, Tranel PJ (2020) Comparing responses of sensitive and resistant
populations of Palmer amaranth (Amaranthus palmeri) and waterhemp
(Amaranthus tuberculatus var. rudis) to PPO inhibitors. Weed Technol 34:140–
146
Massinga RA, Currie RS, Horak MJ, Boyer Jr J (2001) Interference of Palmer amaranth in
corn. Weed Sci 49:202–208
Mayo CM, Horak MJ, Peterson DE, Boyer JE (1995) Differential control of four
Amaranthus species by six postemergence herbicides in soybean (Glycine max).
Weed Technol 9:141–147
Meyer, CJ, JK Norsworthy, BG Young, LE Steckel, KW Bradley, WG Johnson, MM Loux,
VM Davis, GR Kruger, MT Bararpour, JT Ikley, DJ Spaunhorst, TR Butts (2015)
Herbicide program approaches for managing glyphosate-resistant Palmer
amaranth (Amaranthus palmeri) and waterhemp Amaranthus tuberculatus and
Amaranthus rudis) in future soybean-trait technologies. Weed Technol 29:716–
729

67
Norsworthy JK, Griffith GM, Scott RC, Smith KL, Oliver LR (2008) Confirmation and
control of glyphosate-resistant Palmer amaranth (Amaranthus palmeri) in
Arkansas. Weed Technol 22:108–113
Oliveira MC, Gaines TA, Patterson E, Jhala AJ, Irmak S, Keenan A, Knezevic SZ (2018)
Interspecific and intraspecific metabolism-based herbicide resistant transfer in
dioecious weedy Amaranthus. The Plant J 96:1051–1063
Oliveira MC, Giacomini DA, Arsenijevic N, Vieira G, Tranel PJ, Werle R (2020) Distribution
and validation of genotypic and phenotypic glyphosate and PPO-inhibitor
resistance in Palmer amaranth (Amaranthus palmeri) from southwestern
Nebraska. Weed Technol 1–12. doi: 10.1017/wet.2020.74
Peterson D, Jugulam M, Shyam C, Bortago E (2019) Palmer amaranth resistance to 2,4-D
and dicamba confirmed in Kansas. Kansas State University eUpdate Issue 734
https://webapp.agron.ksu.edu/agr_social/eu_article.throck?article_id=2110.
Accessed: October 28, 2020
R Core Team (2018) R: A Language and Environment for Statistical Computing. Vienna,
Austria: R Foundation for Statistical Computing. http://www.R-project.org/
Sarangi D, Jhala AJ (2019) Palmer amaranth (Amaranthus palmeri) and velvetleaf
(Abutilon theophrasti) control in no-tillage conventional (non–genetically
engineered) soybean using overlapping residual herbicide programs.
Weed Technol 33:95–105
Sarangi D, Stephens T, Barker AL, Patterson EL, Gaines TA, Jhala AJ (2019)
Protoporphyrinogen oxidase (PPO) inhibitor–resistant waterhemp (Amaranthus
tuberculatus) from Nebraska is multiple herbicide resistant: confirmation,
mechanism of resistance, and management. Weed Sci 67:510–520
Sauer JD (1957) Recent migration and evolution of the dioecious Amaranthus. Evolution
11:11–3
Sawma JT, Mohler CL (2002) Evaluating seed viability by an unimbibed seed crush test in
comparison with tetrazolium test. Weed Technol 16:781–786

68
Sosnoskie LM, Webster TM, Grey TL, Culpepper AS (2014) Severed stems of
Amaranthus palmeri are capable of regrowth and seed production in Gossypium
hirsutum. Ann Appl Biol 165:147–154
Steckel LE, Sprague CL, Stoller EW, Wax LM (2004) Temperature effects on germinations
of nine Amaranthus species. Weed Sci 52:271–221
Stubbendieck J, Friisoe GY, Bolick MR (1994) Pigweed family. Pages 32–38 in Weeds of
Nebraska and the Great Plains. Lincoln, NE: Bureau of Plant Industry, Nebraska
Department of Agriculture
Taylor SE, Oliver LR (1997) Sicklepod (Senna obtusifolia) seed production and viability as
influenced by late-season postemergence herbicide applications. Weed Sci
45:497–501
[USEPA] United States Environmental Protection Agency (2020) EPA announces 2020
dicamba registration decision. https://www.epa.gov/newsreleases/epaannounces-2020-dicamba-registration-decision. Accessed: October 28, 2020
Vieira BC, Samuelson SL, Alves GS, Gaines TA, Werle R, Kruger GR (2018). Distribution of
glyphosate-resistant Amaranthus spp. in Nebraska. Pest Manag Sci 74:2316–2324
Walker RE, Oliver LR (2008) Weed seed production as influenced by glyphosate
applications at flowering across a weed complex. Weed Technol 22:318–325
Webster TM, Coble HD (1997) Changes in the weed species composition of the
southern United States: 1974 to 1995. Weed Technol 11:308–317
Webster TM, Grey TL (2015) Glyphosate-resistant Palmer amaranth (Amaranthus
palmeri) morphology, growth, and seed production in Georgia. Weed Sci 63:264–
272
Webster TM, Nichols RL (2012) Changes in the prevalence of weed species in the major
agronomic crops of Southern United States: 1994/1995 to 2008/2009. Weed Sci
60:145–157
[WSSA] Weed Science Society of America (2016) WSSA Survey ranks Palmer amaranth
as the most troublesome weed in the U.S., Galium as the most troublesome in
Canada. http://wssa.net/2016/04/wssa-survey-ranks-palmer-amaranth-as-the-

69
most- troublesome-weed-in-the-u-s-galium-as-the-most-troublesome-in-canada/.
Accessed: March 25, 2020

70

71

Table 3-2. Average monthly air temperature and total precipitation during 2018 and 2019 growing seasons
(May to September) compared with the 30 yr average at Carleton, Nebraska, USA.a

Average temperature °C

Total precipitation (mm)

Month

2018

2019

30 yr average

2018

2019

30 yr average

May

20.6

14.5

16.4

78.0

172.7

135.4

June

25.0

21.8

22.3

96.0

153.2

115.1

July

24.7

25.1

24.9

95.5

137.2

105.2

August

23.3

23.1

23.7

92.2

154.9

94.0

September

20.6

22.5

19.1

151.6

120.4

66.0

Season

22.8

21.4

21.3

102.7

147.7

103.1

a

Air temperature (°C ) and precipitation (mm) data were obtained from the closest High Plains Regional
Climate Center located in Hebron, Nebraska, USA.
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Table 3-6. Dicamba/glyphosate-resistant soybean injury affected by single or sequential
applications of POST herbicides at 7 and 14 d after treatment in field experiments conducted at
Carleton, NE in 2018 and 2019.
Herbicide
Application timing
Soybean injury

Soybean growth stage a

7 DAT b,c

14 DAT b,c

---------------%--------------Nontreated control

-

0 (0) g

0 (0) e

Acifluorfen

R1

13 (4) ef

7 (3) d

Acifluorfen

R6

11 (3) f

7 (3) d

R1 + R6

22 (5) c

16 (6) b

Dicamba

V4

0 (0) g

0 (0) e

Dicamba

R1

0 (0) g

0 (0) e

Dicamba fb dicamba

V4 + R1

0 (0) g

0 (0) e

Dicamba fb dicamba

V4 + R3

0 (0) g

0 (0) e

Fomesafen/fluthiacet

V5

18 (3) d

12 (3) c

Fomesafen/fluthiacet

R3

15 (4) de

12 (2) c

V5 + R3

25 (3) bc

17 (3) b

V4

0 (0) g

0 (0) e

V4 + R1

0 (0) g

0 (0) e

Lactofen

R1

26 (5) b

12 (4) c

Lactofen

R6

21 (4) c

12 (3) c

R1 + R6

30 (6) a

22 (5) a

***

***

Acifluorfen fb acifluorfen

Fomesafen/fluthiacet fb
fomesafen/fluthiacet
Glyphosate
Glyphosate fb glyphosate

Lactofen fb lactofen

a Abbreviation: DAT, days after treatment; soybean growth stage; V4, soybean at fourth trifoliate stage; V5, soybean at
fifth trifoliate stage; R1, soybean with at least one flower on any node; R3, pods with 5 mm at one of the four uppermost
nodes; R6, pod containing a green seed that fills the pod capacity at one of the four uppermost nodes on the main stem.
b Means presented within the same column and with no common letter(s) are significantly different according to Fisher’s
Protected Least Significant Difference test.
c Significance levels: -, nonsignificant at α = 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

